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AUTOMATED PAINT QUALITY CONTROL
FOR AIRCRAFT

FIELD

This disclosure relates generally to aircraft paint applica-
tion and associated quality control.

BACKGROUND

Existing visual mspection of paint livery in aircrait final
assembly relies primarily on human visual acuity and can
therefore be subjective. In addition, paint quality imnspection
processes for aircraft can be impacted by human interpre-
tation. Because, for many aircraft, decorative paint 1s on the
critical path of the delivery process, the ability promptly
identify and address paint quality 1ssues can minimize
potential delays due to rework. In addition, there 1s a need
for a consistent quality inspection process that can be
implemented not only at a manufacturer’s facility but also at
offload paint application sites, where there may be less
expertise on potential 1ssues and mspection criteria than at
the manufacturer’s site.

SUMMARY

According to various embodiments, a method of auto-
mated aircrait paint application quality inspection 1s pre-
sented. The method includes retrieving from electronic
persistent storage a control image depicting at least a portion
of aircraft paint application for the aircrait under quality
ispection; capturing a process 1mage depicting at least a
portion of aircraft paint application on the aircraft under
quality inspection; detecting a plurality of features in the
control image and the process 1image; registering the control
image with the process 1mage; detecting at least one difler-
ence between the control image and the process image;
generating an output image, wherein the output image
comprises a depiction of the aircrait under quality mspection
with the at least one difference annotated; and causing the
output 1mage to be displayed.

Various optional features of the above embodiments
include the following. The method may include detecting
and removing at least one reflection from consideration as a
difference between the control image and the process image.
The removing at least one retlection from consideration as a
difference between the control image and the process image
may 1include capturing at least one image of the aircraift
under quality ispection from a first perspective and cap-
turing at least one 1mage ol the aircrait under quality
ispection from a second perspective. The removing at least
one retlection from consideration as a difference between the
control image and the process 1image may include placing at
least one standardized marker on the aircrait under quality
inspection prior to the capturing at least one 1mage of the
aircrait under quality inspection from a first perspective and
the capturing at least one 1image of the aircraft under quality
inspection from a second perspective. The method may
include remediating an anomaly corresponding to the at least
one difference. The detecting a plurality of features may
include detecting a plurality of features using a Speeded Up
Robust Features (SURF) algorithm. The registering the
control 1mage with the process 1image may be performed
performed using a RANdom SAmple Consensus
(RANSAC) algorithm. The generating an output image may
include combining at least a portion of an 1image taken from
a first perspective with at least a portion of an 1mage taken
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2

from a second perspective diflerent from the first perspec-
tive. The control image may include a combination of a first
control 1mage taken from a first perspective and a second
control 1mage taken from a second perspective difierent
from the first perspective, and the process image may
include a combination of a first process image taken from a
third perspective and a second process 1image taken from a
fourth perspective different from the third perspective. The
detecting at least one diflerence may include performing a
pixel-by-pixel comparison between the control 1image and
the process 1mage.

According to various embodiments, a system for auto-
mated aircrait paint application quality inspection is pre-
sented. The system includes electronic persistent storage
storing a control image depicting at least a portion of aircrait
paint application for the aircrait under quality 1inspection; a
plurality of cameras disposed to capture multiple 1images of
the aircraft under quality mspection; and at least one elec-
tronic processor, communicatively coupled to the electronic
persistent memory and the plurality of cameras, that
executes 1nstructions to perform operations comprising:
retrieving from the electronic persistent storage the control
image; capturing, by the plurality of cameras, a process
image depicting at least a portion of aircraft paint applica-
tion on the aircraft under quality inspection; detecting a
plurality of features i1n the control 1mage and the process
image; registering the control image with the process image;
detecting at least one difference between the control 1mage
and the process 1mage; generating an output 1mage, wherein
the output image comprises a depiction of the aircraft under
quality mnspection with the at least one diflerence annotated;
and causing the output 1mage to be displayed.

Various optional features of the above embodiments
include the following. The operations may further include
detecting and removing at least one reflection from consid-
cration as a diflerence between the control image and the
process 1mage. The removing at least one reflection from
consideration as a difference between the control image and
the process 1image may include capturing, by the plurality of
cameras, at least one 1mage of the aircrait under quality
inspection from a first perspective and capturing, by the
plurality of cameras, at least one 1mage of the aircraft under
quality ispection from a second perspective. The system
may include at least one standardized marker configured to
be placed on the aircraft under quality inspection prior to the
capturing at least one 1mage of the aircraft under quality
ispection from a first perspective and the capturing at least
one 1mage ol the aircrait under quality ispection from a
second perspective. The operations may further include
directing a user to remediate an anomaly corresponding to
the at least one difference. The detecting a plurality of
features may 1nclude detecting a plurality of features using
a Speeded Up Robust Features (SURF) algorithm. The
registering the control 1mage with the process 1mage may be
performed wusing a RANdom SAmple Consensus
(RANSAC) algorithm. The generating an output 1mage may
include combining at least a portion of an 1mage taken from
a first perspective with at least a portion of an 1image taken
from a second perspective diflerent from the first perspec-
tive. The control image may include a combination of a first
control 1mage taken from a {first perspective and a second
control 1mage taken from a second perspective different
from the first perspective, and the process image may
include a combination of a first process image taken from a
third perspective and a second process 1mage taken from a
fourth perspective different from the third perspective. The
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detecting at least one difference may include performing a
pixel-by-pixel comparison between the control image and

the process 1mage.

BRIEF DESCRIPTION OF THE DRAWINGS

Various {features of the examples can be more fully
appreciated, as the examples become better understood with
reference to the following detailed description, when con-
sidered in connection with the accompanying figures, in
which:

FIG. 1 1s an image of aircraft livery on an aircraft
according to some embodiments;

FIG. 2 1s a schematic diagram of an image capture
apparatus according to some embodiments;

FIG. 3 depicts a control image and a process 1image of an
aircraft according to some embodiments;

FIG. 4 depicts feature detection 1n a control image and a
process 1mage according to some embodiments;

FIG. 5 depicts feature matching according to some
embodiments;

FIG. 6 depicts feature displacement vectors according to
some embodiments;

FIG. 7 depicts a graphical user interface according to
some embodiments;

FIG. 8 depicts an example output image according to
some embodiments;

FIG. 9 1s a flow diagram of an aircraft paint application
quality inspection method according to some embodiments;

FIG. 10 1s a flow diagram of a retlection handling method
according to some embodiments;

FIG. 11 1s a diagram of a standardized marker according
to some embodiments; and

FIG. 12 1s a schematic diagram of a system according to
some embodiments.

DESCRIPTION

Reference will now be made 1n detail to the disclosed
examples, which are illustrated 1n the accompanying draw-
ings. Wherever possible, the same reference numbers will be
used throughout the drawings to refer to the same or like
parts. In the following description, reference 1s made to the
accompanying drawings that form a part thereof, and in
which 1s shown by way of illustration specific examples.
These examples are described in suflicient detail to enable
those skilled in the art to practice them and 1t 1s to be
understood that other examples may be utilized and that
changes may be made without departing from the scope of
the disclosure. The following description 1s, therefore,
merely exemplary.

In general, some embodiments provide computerized
in-process quality inspection of a structure’s surface (e.g., an
aircraft during final assembly). More particularly, some
embodiments provide automated quality inspection of air-
craft paint application (e.g., livery) where automated image
processing aligns machine-vision features of captured
images ol aircraft under inspection with corresponding
features 1in control (reference) images and uses the alignment
to 1dentily potential defects (e.g., mislocated livery features,
missing livery features, discolored imagery, foreign object
debris, stencils and other paint application expedients that
should have been removed, etc.). Embodiments may subse-
quently display an augmented reality depiction of the air-
craft under inspection, where such potential defects are
highlighted or otherwise annotated. Some embodiments

include wearable augmented reality head hardware to
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4

accomplish such display. Embodiments may account for
reflections from painted or unpainted surfaces, the relative
quality of ambient lighting, and a range of possible livery
colors. Embodiments may include an electronic persistent
storage library of control images for feature identification
and comparison.

Some embodiments use a plurality of standoil cameras
that move, or are positioned at varying angles, so as to allow
for automated identification of reflections in captured
images. Such cameras allow some embodiments to difler-
entiate reflections and shadows from livery and skin fea-
tures, and 1gnore the former 1n the quality analysis.

Example embodiments are described presently in refer-
ence to the included figures.

FIG. 1 1s an 1image of aircrait livery 106 on aircraft 100
according to some embodiments. In general, aircrait may
have images 1n multiple locations 1n multiple colors. Aircraft
100 as depicted includes a portion of aircraft livery 102 (a
series of stars) and a portion of aircrait livery 104 (shading
on the tail fin). The various 1mages, insignia, and alphanu-
meric text on particular aircrait may be referred to herein as
the aircrait’s “livery”. In general, aircrait livery may signify
airline, aircraft manufacturer, governmental licensing, and
various other required, optional, and/or trademarked 1nsig-
nia. Aircrait livery may be applied using one or more
stencils, for example.

FIG. 2 1s a schematic diagram of an image capture
apparatus 200 according to some embodiments. In general,
embodiments may be implemented at a location where
aircraft livery are applied to aircrait. Thus, embodiments
may be implemented at a main factory or paint hangar, or a
location where expertise on paint quality may be limited,
such as remote or offload paint facilities. Further, embodi-
ments may 1nclude hardware and processing techniques that
account for reflections, shadows, and other visible phenom-
ena (see FIG. 3) that do not represent physical material
actually present on the surface of the aircrait. Such embodi-
ments may exclude such phenomena from the automated
processing that 1s otherwise applied to livery and other
surface features and detritus, such that they are 1gnored for
purposes ol automated quality mspection.

Image capture apparatus includes a plurality of cameras
202, 204, 206 positioned so as to capture images ol an
aircrait under quality inspection from perspectives 208, 210,
and 212, respectively. As disclosed herein, some embodi-
ments capture 1mages of an aircrait from multiple angles
and/or positions so as to be able to detect reflections,
shadows, and other transient visual phenomena (see FIG. 3).
Cameras 202, 204, 206 may be situated on rails or other
structure that permits them to change positions so as to
capture 1images of substantially the same area of the aircrait
from multiple angles. Such movable cameras may be auto-
matically movable, e.g., by way of motors configured to
shift their positions along sets of rails. The rails may be
vertical and/or horizontal. For embodiments that include
movable cameras, cameras 202 may suflice, without cam-
eras 204 and 206, because cameras 202 may be moved to
capture 1mages from any of perspectives 208, 210, or 212.
Further, for embodiments that include movable cameras,
such cameras may be relatively low definition, because such
movable cameras may zoom 1n so that their field of view 1s
trained on the relevant aircraft portion. For embodiments
that include static cameras, cameras 202, 204, 206 may be
high definition, because 1mage portions may be extracted
and separately processed. Details of such processing, and the
processing used to exclude transient visual phenomena from
consideration as potential paint application defects, are
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presented herein, e.g., 1n reference to FIG. 10, below. Six
sets of two or more cameras (or six movable cameras) may
be used, so as to capture each of six sections of an aircraft
from multiple perspectives. Note, however, that s1x camera
sets 15 exemplary; in other embodiments, the number of
cameras may be decided on a case-by-case basis, based on
the size of both the hangar and the aircratt.

FIG. 3 depicts a control image 302 and a process image
304 of an aircraft according to some embodiments. Both
control 1image 302 and process image 304 may be captured
using 1mage capture apparatus 200 of FIG. 2, for example,
although such capture may occur at different stages of the
overall aitrcraft paint quality inspection process disclosed
herein for control image 302 and a process image 304.
Control image 302 and other control images serve as refer-
ence 1mages for purposes ol automated computer vision
comparison to newly captured images, such as process
image 304, taken of aircraft during the quality mspection
process. Control image 302 and similar control 1mages may
be stored 1n persistent electronic storage, such as electronic
persistent storage 1112 of system 1100 as shown and
described below 1n reference to FIG. 11. Note that both
control image 302 and process image 304 show retlections
306 and shadows 308.

FIG. 4 depicts feature detection 1n a control image 302
and a process image 304 according to some embodiments.
The feature detection used according to some embodiments
may be automated feature detection that utilizes computer

vision techniques. Suitable techniques include Speeded Up
Robust Features (“SURF”), e.g., as disclosed 1n U.S. Pub-

lished Application No. 2009/0238460, the contents of which
are hereby incorporated by reference. Such techniques 1den-
tify visually apparent features 1n electronic 1mages, such as
features 406 1n control image 402. (Note that features
corresponding to features 406 appear in process image 404.)
Such techniques may be applied independently to control
images and process i1mages as disclosed herein, e.g., 1n
retference to FIGS. 9 and 10.

FIG. 5 depicts feature matching according to some
embodiments. In general, disclosed embodiments may
match features detected in a control image with features
detected 1n a corresponding process 1mage using automated
computer vision techniques. FIG. 5§ depicts control image
502 and process 1mage 504, along with lead lines 506
connecting three example features 1n control image 502 to
corresponding features in process image 504. In general,
RANdom SAmple Consensus (“RANSAC”) may be used to
match features between control and process 1mages accord-
ing to various embodiments. RANSAC 1s particularly suit-
able for embodiments because it 1s robust in the presence of
data provided by error-prone feature detectors. RANSAC
may be used by embodiments to register control 1mages to
process 1mages as described heremn. Further usage of
RANSAC according to some embodiments 1s shown and
described below 1n reference to FIGS. 8, 9, 10, and 11.

FIG. 6 depicts feature displacement vectors 604 according,
to some embodiments. In registering control i1mages to
process 1mages based on matching detected {features,
embodiments may utilize RANSAC. RANSAC has as a
user-settable parameter a maximum local displacement
value. Such a value determines the maximum local displace-
ment between features 1n a control 1mage and a process
image for the features to be considered as corresponding.
Beyond the maximum local displacement value, features
will not be determined as matching by RANSAC. As
depicted 1n FIG. 6, features mm a combined image are
determined to be corresponding by an application of
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RANSAC because although they are not precisely co-
located, they are within a user-set maximum local displace-
ment value. Displacement vectors 604 depict the positional
differences.

FIG. 7 depicts a graphical user interface 700 according to
some embodiments. Graphical user interface 700 may be
used by a user to set user-selectable values for various
parameters used by embodiments. Some embodiments uti-
lize graphical user interface to set user-selectable SURF and
RANSAC parameters, among other values.

Thus, graphical user interface 700 includes a field for a
user to select one or more control (baseline) images 702, a
field for a user to select one or more process images 704, and
a field for a user to select a file name for an output 1mage
706. The selected control and process 1mage(s) are pro-
cessed by embodiments as disclosed, to produce an output
image, which 1s saved according to the user-selected file
name. Graphical user interface 700 also has a set of radio
buttons 708 for selecting how any detected difference
between a control image and a process 1mage that represents
a potential defect may be displayed. Thus, graphical user
interface 700 includes a radio buttons for highlighting
detected differences using lines 710, a radio buttons for
highlighting detected differences using crosses 712, a radio
buttons for highlighting detected differences using displace-
ment vectors 714, a radio buttons for highlighting detected
differences using residuals 716, or a radio buttons for
highlighting detected differences using segmentations 718.
Selecting the radio buttons for highlighting detected differ-
ences using lines 710 results 1n the output image displaying
feature points and corresponding lines. Selecting the radio
buttons for highlighting detected diflerences using crosses
712 results 1n the output image depicting each feature point
as a diflerent color cross. Selecting the radio buttons for
highlighting detected differences using displacement 714
results 1n the output image displaying feature points and
corresponding displacement vectors. That 1s, the displace-
ment setting causes the output image to depict how locations
of the feature points differ between the control image(s) and
the process 1mage(s). Selecting the radio buttons for high-
lighting detected differences using residual 716 causes the
output 1mage to display diflerences in intensity between the
different 1mages after registration between the 1mages. The
residual setting 1s particularly useful for highlighting foreign
objects 1n the process 1mage(s). Selecting the radio buttons
for highlighting detected diflerences using segmentation 718

setting masks any foreign object in the output 1mage. The
segmentation setting 1s particularly useful for highlighting
where the 1images difler.

Graphical user interface 700 includes fields by which a
user may select SURF parameter values. In particular,
graphical user interface 700 includes a field for a SURF
Hessian threshold parameter 720 that a user may set. This
parameter 1s for computing feature points, with a default
value of 100. If more feature points for the purpose of
registering 1mages are desired, then this value may be
increased. However, a higher value can result in more corner
points and more noise. Graphical user interface 700 also
includes a field for a SURF minimum distance parameter
722 that a user may set. When SURF compares two points,
this value may be increased to require a closer match.
Graphical user interface 700 also includes a SURF virtual
button 724 which, when activated, causes a SURF parameter
pop-up to be displayed. The SURF parameter pop-up
includes additional fields for user-settable SURF parameter
values.

-
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Graphical user iterface 700 also includes fields by which
a user may select RANSAC parameter values. Thus, graphi-
cal user iterface 700 includes a “MaxLocalDisplacement™
field 726 into which a maximum local displacement value
may be entered. The maximum local displacement value
controls the size of the region that the RANSAC algorithm
will search 1n its attempts to find matching features. This
value selects the maximum number of pixels that a feature
point may be displaced between 1images being registered and
still be considered as matching. Graphical user intertface 700
also includes a “High Residual Threshold” field 728 into
which a user may enter a value that controls the difference
in 1ntensity between the two compared 1mages that may still
be considered as matching. High values for this parameter
result 1n more matches, but may not fully capture shape
information. Graphical user interface 700 also includes a
field for a “Low Threshold” value 730. This parameter, 1n
combination with the High Residual threshold value, deter-
mine how much difference between images 1s tolerated
while still permitting a conclusion of match. Graphical user
interface 700 also includes a RANSAC virtual button 732
which, when activated, causes a RANSAC parameter pop-
up to be displayed. The RANSAC parameter pop-up
includes additional fields for user-settable RANSAC param-
cter values. Graphical user interface 700 also includes a
reconstruction size field 734 for entering a user-selectable
reconstruction size value. This value determines the pixel
radius from detected differences from which small objects
and noise may be removed when generating the output
1mage.

FIG. 8 depicts an example output image 800 according to
some embodiments. In particular, embodiments may output
an output 1mage such as output image 800, e.g., for display
to a user. The output image highlights or otherwise annotates
a combined image that includes data from multiple angles
and possibly from both process images and control images.
As shown output image 800 includes an oval-shaped anno-
tation 802 highlighting a residual fragment of tape that was
present on an aircrait undergoing quality 1nspection.
Because a corresponding tape fragment did not appear 1n the
corresponding control 1mage(s), embodiments detect and
annotate the fragment 1 an output 1mage. A user may take
subsequent steps to remediate the potential detfect, such as
removing any foreign material, applying missing paint, or
removing and relocating misplaced paint application.

FIG. 9 1s a flow diagram of an aircraft paint application
quality inspection method 900 according to some embodi-
ments. Method 900 may utilize hardware and techniques as
shown and described above in reference to FIGS. 2-8.
Method 900 may be implemented using the system shown
and described below 1n reference to FIG. 11.

At block 902, method 900 retrieves one or more control
images for electronic persistent storage, e.g., persistent
storage 1112 of FIG. 11. Such retrieval may be over an
clectronic computer network, for example. The control
images may have been originally acquired using apparatus
200 of FIG. 2, for example. Thus, the control images may
include 1mages taken from multiple perspectives of substan-
tially the same portions of an aircraft. Multiple aircraift
portions, each with multiple perspectives, may be repre-
sented 1n the control images. The represented aircrait por-
tions and perspectives may encompass all livery and other
paint application for the aircraft. The captured control
images may be stored and indexed according to aircrait
location and perspective.

At block 904, method 900 captures one or more process
images of an aircrait undergoing quality inspection. The
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process images may be captured using apparatus 200 of FIG.
2, for example. Thus, the process 1mages may 1include
images taken from multiple perspectives of substantially the
same portions of the aircraft undergoing quality ispection.
Multiple aircrait portions, each with multiple perspectives,
may be represented in the process images. The process
images may correspond to the control images 1n the sense
that each process 1mage has a corresponding control 1image
that was acquired of substantially the same aircraft portion
and from substantially the same perspective.

At block 906, method 900 detects features in the process
images. Note that the actions of this block may be performed
on the control 1images as well. In particular, the actions of
this block may be performed on the control 1images at any
point prior to the actions of block 910. Method 900 may
detect features using an implementation of SURF as shown
and described above i1n reference to FIGS. 4 and 7, above.

At block 908, method 900 detects reflections, shadows,

and other transient visual phenomena 1n the process 1images.
Note that the actions of this block may be performed on the
control images as well. In particular, the actions of this block
may be performed on the control images at any point prior
to the actions of block 912. The actions of this block are
described in detail below 1n reference to FIG. 10.

At block 910, method 900 registers the process image to
the control image. The actions of this block may utilize a
RANSAC implementation, as shown and described above 1n
reference to FIGS. 4-7, for example. Note that the actions of
block 908 may result 1n some of the control 1images being
merged into a merged control image and/or some of the
process 1mages being merged 1mto merged process 1mages.
Such merged 1mages may include the union of detected
features, for example. In such instances, the actions of this
block may be applied to register the merged control image(s)
with the merged process 1image(s).

At block 912, method 900 detects differences between the
registered process 1image and control image of block 910.
The detection may proceed by comparing the images pixel-
by-pixel and recording any diflerences that exceed a thresh-
old. The detection may utilize a mathematical afline trans-
formation (that 1s, a mathematical linear transformation that
preserves points, straight line, and planes) between the
control 1mage and process 1image that was used for regis-
tration. The detection may 1gnore any pixels identified as
representing retlections or other transient visual phenomena,
as described below 1n reference to FIG. 10. That is, the
difference detection process may omit any pixels identified
as reflections (or other transient visual phenomena) from the
pixel-by-pixel comparison. In this manner, some embodi-
ments are capable of automatically detecting potential air-
craft livery defects while disregarding transient visual fea-
tures that do not represent paint or other physical anomalies.

At block 914, method 900 generates an output 1mage
representing any differences detected at block 912. In par-
ticular, the action of this block can include rendering a
highlight or other annotation (e.g., a circular, oval, rectan-
gular, or square marking about any detected difference). An
example suitable output image 1s presented above in FIG. 8.

At block 916, method 900 causes the output image to be
displayed. The actions of this block may take any of a
variety of forms. According to some embodiments, the
output 1mage 1s displayed on a computer monitor. According
to some embodiments, the output 1mage 1s displayed 1n a
virtual reality headset. According to some embodiments, the
output 1mage may be output to electronic persistent memory
or to a user via an electronic computer network, for example.
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At block 918, method 900 includes a user remediating any
detected differences. The actions of this block may include
a user removing any foreign materials from the aircraft,
applying any omitted livery or other paint application,
removing any improper livery or other paint application, or
removing and replacing any misplaced livery or other paint
application. The actions of this block are dependent upon,
and guided by, the output 1mage of blocks 914 and 916.

FI1G. 10 1s a flow diagram of a retlection handling method
1000 according to some embodiments. Method 1000 may be
implemented to perform the actions of block 908 of method
900 of FIG. 9 on one or more process images. Further,
method 1000 may be applied to one or more control images
described in reference to FIG. 9 at any point prior to the
action of block 912 of method 900. Because method 1000
may be applied to both control 1mages and process 1images,
the following description of method 1000 refers to a generic
“1mmage” or “image under operation”, with the understanding
that such 1image may be either a control 1mage or a process
image. Method 1000 may utilize hardware and techniques as
shown and described above in reference to FIGS. 2-8.
Method 1000 may be implemented using the system shown
and described below 1n reference to FIG. 11.

At block 1002, method 1000 places standardized markers
on the aircraft. To perform the actions of this block, a user
may generate markers from a known dictionary and dimen-
sion, print them to scale, and attach them to the aircrait at
locations such that they are visible by at least one camera
and do not hinder workers. Markers may be one foot by one
foot, for example. Suitable markers are ArUco markers,
which are square and include a wide black border that
facilitates fast detection in an image, as well as an 1nner
matrix that can code information. The actions of this and the

next block permit computer vision techniques to be applied
in method 1000.

At block 1004, method 1000 detects the markers posi-
tioned per block 1002 1n an image. For applications of
method 1000 to block 908 of method 900, the image in
which the markers are detected may be the process 1mage
captured per block 904 of method 900. For applications of
method 1000 to the control 1images used 1n method 900, the
image 1 which the markers are detected may be captured at
any suitable time, e.g., at a time 1mmediately after when the
control 1mages are captured. Method 1000 may use the
dictionary that was used to generate the markers to detect the
marker 1n the image, detect the corners of the markers, and
get the coordinates of the corners. Such coordinates may be

expressed as memory addresses for the corresponding pixel
locations.

At block 1006, method 1000 detects blobs 1n the 1image.
Any suitable blob detection technique, such as RANSAC,
may be used. Embodiments may limit blob detection to
detecting blobs that are roughly elliptical 1n shape, or, more
generally, roughly conic section 1n shape. Such limitation
enhances efliciency of the process and takes advantage of the
overall tubular shape of most aircraft. In general, reflections
on tubular surfaces resemble ellipses or other conic sections.

At block 1008, method 1000 processes the image 1in
various ways to enhance the detected blobs. Some embodi-
ments use adaptive thresholding 1n a known manner to
obtain a binary image. Such embodiments may 1dentify the
outline of each blob using known techniques and utilize as
a working 1mage a conversion of the image under operation
to a black-and-white version. Some embodiments may mas-
sage the 1mage under operation using the known techmques
of erosion and dilation. Such embodiments operate to close
the blob boundaries using known techniques. Some embodi-
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ments submit the image to contour detection. Such embodi-
ments 1dentity a boundary contour of each blob using such
techniques. These and other processing steps may be applied
by various embodiments.

At block 1010, method 1000 fits ellipses to the detected
and processed blobs. The actions of this block can include
fitting ellipses to the identified boundary contours of the
blobs. The actions of this block may include checking for the
fit of the ellipses. Blobs that adequately fit ellipses are
tracked as candidates for reflections. Thus, at this block,
method 1000 keeps the contours that are roughly elliptical,
as these ellipses mark the blobs corresponding to potential
reflections.

At block 1012, method 1000 fits a bounding box to each
reflection candidate. Such boxes better define the location of
the reflection candidates, e.g., because their corners are well
defined. Further, bounding boxes can correct for imperiect
contour determinations.

At block 1014, method 1000 detects features 1n the 1mage.
The feature detection may be limited to detecting features on
and within the reflection candidates. Suitable techniques
include SURF, as shown and described above 1in reference to
FIGS. 4-7.

At block 1016, method 1000 determines distances from
the bounding boxes (e.g., the corners thereot) to the stan-
dardized markers (e.g., the corners thereof). These distances
are stored in memory for later comparison to similar dis-
tances computed using 1mages taken from different perspec-
tives.

At block 1018, method 1000 determines whether to repeat
the actions of blocks 1004, 1006, 1008, 1010, 1012, 1014,
and 1016 after moving the cameras (or using d1 erent
cameras). The determination i1s based on whether method
1000 has captured multiple 1mages of substantially the same
portions of the aircraft but from different perspectives. At
least two perspectives are used for the reflection detection
process, so some embodiments may proceed to block 1020
unless there are at least two such images for each portion of
the aircrait under quality inspection. Some embodiments
utilize more than two such 1images for each aircrait portion
under inspection. If block 1018 determines that additional
images are needed, then control passes to block 1020.
Otherwise, control passes to block 1022.

At block 1020, method 1000 moves the cameras (e.g.,
cameras 202 of apparatus 200 of FIG. 2) or uses cameras that
are situated differently from the cameras that were used 1n
the previous 1teration. Such cameras capture images of the
aircraft from different perspectives. After block 1020, con-
trol passes to block 1004.

At block 1022, method 1000 matches blobs detected 1n
the same general aircrait portion among the images captured
from a plurality of perspectives. The features detected per
block 1014 may be used to that end. A matching process,
such as RANSAC, as shown and described above 1n refer-
ence to FIGS. 4-7, may be used to perform the matching.
After this block, each blob, together with any other blobs
determined to match to, 1t are referred to as a “matching blob
set”.

At block 1024, method 1000 determines the blobs that are
to be processed as reflections, or other transient visual
phenomena, 1n the 1mages. In general, after capturing one
image from angle “a” and another one from angle “b”, 1 a
feature moves (e.g., 1s displaced, changed contrast, or dis-
appeared) then 1t 1s processed as a reflection, because
reflections change with the changing angle of the light
source or position of the surface). If the feature did not
change positions, then 1t 1s processed normally with the rest
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of the 1image. Thus, at this block, method 1000 compares the
distances determined at block 1016 for the various blobs
within each matching blob set. In other words, if the distance
from a particular ArUco marker to each blob 1n a matching
blob set diflers among the various 1mage perspectives, then
the blob 1s subsequently processed as a retlection or other
transient visual phenomena. It the distance from a particular
ArUco marker to each blob in a matching blob set 1s the
same among the various 1image perspectives, then the blob 1s
subsequently processed as the remainder of the image.

FIG. 11 1s a diagram of a standardized marker 1102
according to some embodiments. As shown, standardized
marker 1s an example of an ArUco marker that encodes the
numeral “123”. However, various embodiments may use
standard markers that have any of a variety of encoded data.

FIG. 12 1s a schematic diagram of a system 1200 suitable
for implementation of a method as shown and described,
¢.g., methods 900 and 1000. System 1200 may be based
around an electronic hardware internet server computer
1206 that includes one or more electronic processors 1210,
which may be communicatively coupled to the internet
1204. System 1200 includes network interface 1208 to affect
the communicative coupling to the internet 1204, and,
through mternet 1204, client computer 1202 and cameras
202 (see FIG. 2 and accompanying description). Network
interface 1208 may include a physical network interface,
such as a network adapter. System 1200 may be a special-
purpose computer, adapted for rehability and high-band-
width communications. Thus, system 1200 may be embod-
ied 1n a cluster of individual hardware server computers, for
example. Processors 1210 may be multi-core processors
suitable for handling large amounts of information. Proces-
sors 1210 are communicatively coupled to persistent storage
1212, and may execute instructions stored thereon to eflec-
tuate the techniques disclosed herein on concert with client
computer 1202 as shown and described in reference to FIGS.
9 and 10 1n particular. Persistent storage 1212 may be in a
Redundant Array of Inexpensive Disk drives (RAID) con-
figuration for added reliability. Processors 1210 are also
communicatively coupled to graphical co-processors (GPU)
1214. Graphical co-processors may expedite the technique
disclosed herein by performing operations in parallel.

Note that some embodiments support any remote imspec-
tion of features of a surface of a three-dimensional structure,
not limited to aircratt.

Certain examples described above can be performed in
part using a computer application or program. The computer
program can exist 1 a variety of forms, both active and
inactive. For example, the computer program can exist as
one or more soltware programs, software modules, or both,
that can be comprised ol program instructions 1n source
code, object code, executable code or other formats, firm-
ware program(s), or hardware description language (HDL)
files. Any of the above can be embodied on a computer
readable medium, which can include computer readable
storage devices and media in compressed or uncompressed
form. Exemplary computer readable storage devices and
media include conventional computer system RAM (random
access memory), ROM (read-only memory), EPROM (eras-
able, programmable ROM), EEPROM (electrically erasable,
programmable ROM), and magnetic or optical disks or
tapes.

Those skilled 1n the art will be able to make various
modifications to the described examples without departing,
from the true spirit and scope. The terms and descriptions
used herein are set forth by way of 1llustration only and are
not meant as limitations. In particular, although the method
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has been described by examples, the steps of the method can
be performed m a different order than 1llustrated or simul-
taneously. Those skilled 1n the art will recognize that these
and other variations are possible within the spirit and scope
as defined 1n the following claims and their equivalents.

What 1s claimed 1s:
1. A method of automated aircrait paint application qual-
ity mspection, the method comprising:
retrieving from electronic persistent storage a control
image depicting at least a portion of aircraft paint
application for an aircrait under quality mspection;

placing at least one standardized marker on the aircraft
under quality mspection;

capturing a process 1image depicting at least the portion of

aircrait paint application on the aircrait under quality
imspection;

capturing at least a first perspective 1image of at least the

portion of the aircrait paint application under quality
ispection from a first perspective and capturing at least
a second perspective image of at least the portion of the
atrcraft paint application under quality mnspection from
a second perspective different from the first perspec-
tive;

detecting and removing at least one retlection from con-

sideration as a diflerence between the control image
and the process 1mage by detecting different distances
between the at least one standardized marker and
candidate blobs 1n the first perspective image and the
second perspective 1mage;

detecting a plurality of features 1n the control image and

the process 1mage;

registering the control 1mage with the process 1mage;

detecting at least one difference between the control

image and the process image;

generating an output 1mage, wherein the output image

comprises a depiction of the aircraft under quality
ispection with the at least one difference annotated;
and

causing the output image to be displayed.

2. The method of claim 1, further comprising remediating
an anomaly corresponding to the at least one diflerence.

3. The method of claim 1, wherein the detecting a
plurality of features comprises detecting a plurality of fea-
tures using a Speeded Up Robust Features (SURF) algo-
rithm.

4. The method of claim 1, wherein the registering the
control 1image with the process 1image 1s performed using a
RANdom SAmple Consensus (RANSAC) algorithm.

5. The method of claim 1, wherein the generating an
output 1mage comprises combimng at least a portion of an
image taken from a first perspective with at least a portion
of an 1mage taken from a second perspective different from
the first perspective.

6. The method of claim 1, wherein the control image
comprises a combination of a first control 1mage taken from
a first perspective and a second control 1image taken from a
second perspective different from the first perspective, and
wherein the process 1mage comprises a combination of a
first process 1mage taken from a third perspective and a
second process 1mage taken from a fourth perspective dif-
terent from the third perspective.

7. The method of claim 1, wherein the detecting at least
one difference comprises performing a pixel-by-pixel com-
parison between the control 1mage and the process image.

8. A system for automated aircraft paint application qual-
ity mspection, the system comprising:
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clectronic persistent storage storing a control i1mage

depicting at least a portion of aircraft paint application
for the aircraft under quality mspection;

a plurality of cameras disposed to capture multiple images

of the aircrait under quality inspection; and

at least one electronic processor, communicatively

coupled to the electronic persistent memory and the

plurality of cameras, that executes instructions to per-

form operations comprising:

retrieving from the electronic persistent storage the
control 1mage;

placing at least one standardized marker on the aircraft
under quality mspection;

capturing, by the plurality of cameras, a process 1image
depicting at least a portion of aircrait paint applica-
tion on the aircraft under quality 1nspection;

capturing at least a first perspective image of at least the
portion of the aircraft paint application under quality
inspection from a {first perspective and capturing at
least a second perspective 1mage of at least the
portion of the aircraft paint application under quality
inspection from a second perspective different from
the first perspective;

detecting and removing at least one reflection from
consideration as a diflerence between the control
image and the process 1mage by detecting different
distances between the at least one standardized
marker and candidate blobs 1n the first perspective
image and the second perspective 1mage;

detecting a plurality of features in the control 1image
and the process 1mage;

registering the control 1mage with the process 1image;

detecting at least one difference between the control
image and the process 1image;

generating an output 1mage, wherein the output image
comprises a depiction of the aircrait under quality
inspection with the at least one difference annotated;
and

causing the output 1image to be displayed.
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9. The system of claim 8, wherein the operations further
comprise directing a user to remediate an anomaly corre-
sponding to the at least one difference.

10. The system of claim 8, wherein the detecting a

plurality of features comprises detecting a plurality of fea-
tures using a Speeded Up Robust Features (SURF) algo-

rithm.
11. The system of claim 8, wherein the registering the

control image with the process 1image 1s performed using a
RANdom SAmple Consensus (RANSAC) algorithm.

12. The system of claim 8, wherein the generating an
output 1mage comprises combimng at least a portion of an
image taken from a first perspective with at least a portion
of an 1mage taken from a second perspective different from
the first perspective.

13. The system of claim 8, wherein the control 1mage
comprises a combination of a first control 1image taken from
a first perspective and a second control image taken from a
second perspective different from the first perspective, and
wherein the process 1mage comprises a combination of a
first process 1mage taken from a third perspective and a
second process 1mage taken from a fourth perspective dif-
ferent from the third perspective.

14. The system of claim 8, wherein the detecting at least
one diflerence comprises performing a pixel-by-pixel com-
parison between the control 1image and the process image.

15. The method of claim 1, wherein the at least one
standardized marker comprises an ArUco marker.

16. The method of claim 1, wherein the causing the output
image to be displayed comprises displaying the output
image on a virtual reality headset.

17. The method of claim 1, wherein the candidate blobs
are limited to blobs that are roughly conic section 1n shape.

18. The system of claim 8, wherein the at least one
standardized marker comprises an ArUco marker.

19. The system of claim 8, wherein the causing the output
image to be displayed comprises displaying the output
image on a virtual reality headset.

20. The system of claim 8, wherein the candidate blobs
are limited to blobs that are roughly conic section 1n shape.
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